ABSTRACT The performance of the pneumatic elements and the micro-controller steadily increases as the price of them decreases. This trend promotes high performance tracking control research on pneumatic servo systems. However, it is very difficult to obtain exact model parameters, which is one of the main obstacles to design a high performance controller. Moreover, in some application cases, the control direction is undetermined because of the possible false or incorrect valve outlets connection. At the same time, the inaccuracy of the proportional valve zero points also degrades the tracking performance of pneumatic servo systems. In this paper, an adaptive backstepping control approach is proposed for a pneumatic position servo system considering unknown model parameters, unknown control direction, and inaccurate valve zero points. The proposed method combines the Nussbaum function and backstepping technique to design a position tracking controller of a pneumatic servo system with the aforementioned uncertainties. By using the Lyapunov method, the designed controller is proved to be stable, and the tracking error asymptotically converges to zero. The experimental results demonstrate the effectiveness and the superiority of the proposed approach as compared with some existing methods, even for negative direction case for which the other methods fail. The performance of the proposed controller is further improved by considering the proportional valve zero points.
I. INTRODUCTION
Pneumatic technology is widely used in various automation fields, due to its low-cost, cleanness, and high power-toweight ratio properties [1] . With the technology progress, the performance of pneumatic elements, e.g., the proportional valve, is increasing, while the prices of them are decreasing; at the same time, micro-controllers with high performance to price ratio are available for pneumatic servo systems control. These factors promote the high performance pneumatic servo systems research. However, due to the difficulty to obtain the exact parameters of pneumatic servo systems, it is difficult to design a high performance tracking controller. And in some application field, it is an additional obstacle that the control. Proportional-integral-derivative (PID) control was implemented in pneumatic servo systems based on the switch valve [2] . Reference [3] established the state space model of a pneumatic servo system, and implemented a state feedback controller to obtain higher positioning accuracy, as compared to the PID control method. A feedback linearization method was proposed to get better performance compared to the conventional PID controller [4] ; however, both methods in [3] and [4] had the disadvantage of requiring all states measurement, especially, the expensive pressure sensor, which increases the structure complexity and the cost of the control system. The predictive functional control was applied for the positioning control and force control of pneumatic servo systems [5] , it got good performance. Reference [6] estimated the contraction length and tension of pneumatic artificial muscle (PAM) by using feed-forward neural networks, and implemented fuzzy logic control based on the switch valve. A nonlinear cascaded positioning control was presented for a high-speed linear movement using pneumatic muscle actuators in [7] , where Sliding Mode Control (SMC) was used in the inner control loop to control the internal muscle pressure, and the outer control loop achieved the decoupling of the rocker angle and the muscle pressure. It had negligible steady-state position error and slight steady-state pressure error. A constrained finite-time optimal controller based on a multiple PAM model approximation was proposed for pneumatic positioning [8] . Reference [9] presented a nonlinear PID based antagonistic control to compensate the PAM's hysteretic nonlinearity and to improve robustness, it obtained high accuracy and execution speed.
As compared to positioning control, tracking control of pneumatic servo systems is more complicated, especially for tracking sinusoidal-like reference signal. When the velocity of the piston changes its direction, the Coulomb friction force suddenly changes its direction and amplitude, too, which increases the difficulty of the precise control. Due to the strong robustness to system parameter uncertainties and external disturbances, Sliding Mode Control (SMC) was proposed to the tracking control of pneumatic servo systems. A SMC was designed in [10] , using third-order both linear and nonlinear models, to get the good results. However, this method was not robust to the payload variations. A second order sliding surface was designed for a pneumatic motion control system in [11] , only the simple on/off valves and a position sensor were needed, which improved the overall reliability of the hardware. A SMC was developed using the pressure observer to simplify the structure of the system and reduce the cost [12] , but the tracking accuracy was relatively low. A sliding mode position control was proposed based on the averaged model of pneumatic system in [13] , which achieved good tracking performance in position control. Adaptive backstepping design can guarantee the global stability of the system and the asymptotic tracking of unknown/time-variant parameters. A backstepping sliding mode control was developed for a pneumatic servo system in [14] , which can track both the desired force and stiffness effectively. However, the conventional SMC control is model dependent, it is necessary to know the nonlinear terms and the boundary of uncertainties. A backstepping controller was designed based on multi-input multi-output model for four proportional valves based pneumatic systems [15] . This controller could stabilize the system under the condition of all parameters being known. However, if the parameters change too strongly, for example, the load variation as shown in the paper, the stability cannot be guaranteed. Adaptive state feedback controllers based backstepping design were proposed in [16] and [17] , which didn't require either the prior knowledge of system model parameters or uncertainty bounds. The controllers were simple, and had high tracking accuracy. But the closed-loop stability of the system has not been verified. An adaptive backstepping slide mode control was proposed for the Pneumatic Position Servo System in [18] . The method is simple for implementation because the model parameters and the uncertain parameters bounds are not required, the pressure sensor is not needed as well. At the same time, the control accuracy is higher as compared with other five methods. A nonlinear controller was proposed for a pneumatic cylinder by adopting the theories of homogeneity and finite-time stability in [19] . The experimental results showed the effectiveness of this method, but the chattering of control force is large. Feedforward hysteresis compensation and adaptive backstepping control were combined in [20] for a pneumatic muscles and the tracking error was reduced effectively. A hybrid fuzzy-repetitive control method based on an existing PID control was proposed in [21] to achieve good tracking performance. Reference [22] compared the performance of a PID controller plus an adaptive neural network compensator with a fuzzy adaptive PID controller. Both methods in [22] achieved good performance, but the parameters adjustment was very complicated. An extended state observer and active disturbance rejection adaptive control strategy proposed by [23] could be extended to pneumatic system control, however, the full state information was required in this method.
However, to our best knowledge, all existing pneumatic systems control methods assume that control gain direction of the system is known. When the control gain direction of actuators is unknown or changeable, most of the current adaptive control methods would fail to control. Moreover, the difficulty to obtain the exact parameters of the pneumatic servo system impedes the design of high performance tracking controller based on exact model. It is an additional obstacle that the designer cannot know the control force direction for sure. A simple reason might be the wrong connection of the valve output due to the mistakes of the operator. The wrong connection might not attract more attention in the past, because it just causes the piston to move to the protective limitation point. Then the human manipulator just stops the system, moves the piston away from the limitation point and shifts the connection. In some application fields, for example, the pneumatic assistant system for disabled human being, this case becomes complicated because it might damage the device or even hurt people. In this case, if the problem can be solved using controller design approach, it is helpful to form the intelligent mechatronics. Even for the portable pneumatic tools, users would be happy if they don't need to care the connection. The nominal value of the zero point of the proportional valve is usually inaccurate, either due to the environment variation or the D/A converter offset, which is usually ignored by the designer because it is believed that the close loop control would compensate its effect. However, because of the integral property of the proportional valve and the time-varying reference signal (for tracking control), the inaccurate zero point of the valve will degrade the desired performance.
In this paper, an adaptive state feedback control is designed for the pneumatic servo system with unknown model parameters, control gain direction and inaccurate zero point of the proportional valve by using adaptive backstepping method and Nussbaum function. The proposed method doesn't require the model parameters and the control gain direction. Using Lyapunov stability theorem, the designed adaptive controller is proved to be stable, the closed-loop controller can ensure that all signals in the system are bounded and asymptotic convergent. The proposed method is used to track three reference signals to show the effectiveness of the proposed method. The first feature of the proposed method is that the method is effective even the control gain direction is unknown or different from that is assumed in the controller design stage. The second feature of the proposed method is that the better tracking accuracy is achieved by taking the valve zero point into account, as compared to some existing methods.
This paper is organized as follows. In section II, the mathematical model of the pneumatic servo system and Nussbaum-type function are introduced briefly. In section III, the proposed backstepping controller with Nussbaum-type function and the stability proof of the controlled system are given. In section IV, the experimental results of the proposed controller and its comparison with other existing controllers are presented to show the effectiveness and superiority of the proposed method from the viewpoint of the tracking accuracy. Finally, in section V, conclusions are given.
II. PNEUMATIC SYSTEM CONFIGURATION AND ITS MODEL
The working principle of the pneumatic servo system is shown in Fig. 1 . Where the air pump provides compressed air, the proportional valve controls the flow of the pressured air into Chamber A and Chamber B. The computer gives control signal to the proportional valve via D/A converter in the data acquisition card in computer, thus controls the pressure difference of two Chambers in order to drive the payload movement. The potentiometer is used to measure the displacement of the payload. The displacement signal is fed into the computer through A/D converter in the same data acquisition card. The user interface is designed on computer, it displays the payload position and the reference signals [26] - [28] .
The model of the pneumatic servo system is given by [4] , [10] , [16] , [17] :
where,ṁ a andṁ b are the gas mass flow rates into Chambers A and B, respectively, p a and p b are pressures in Chambers A and B, respectively. A a and A b are the cross section area of the two sides of the piston corresponding to Chambers A and B, respectively. y is the payload displacement, y o is the initial payload displacement, M is the total mass of the payload and piston, F f is the friction force. K is the specific heat ratio, R is the ideal gas constant, T is the air temperature, u is the input voltage of the proportional valve.
f a (u, p a ), f b (u, p b ) are nonlinear functions of the upper stream and lower stream pressure of Chambers A and B, respectively, which are given as:
where p u is the upstream pressure, p 0 is the atmospheric pressure c a 1 , c a 2 , c b 1 , c b 2 are constants related to the air property.
In order to facilitate analysis and system design, f a (u, p a ) and f b (u, p b ) are linearized, the friction F f and other unmodeled factors are treated as disturbance, and the inaccurate zero point of the proportional valve is also considered, then the above nonlinear mathematical model (1) is simplified as a third-order linear model given by:
...
where, a 1 , a 2 and a 3 are the unknown parameters; b is the control gain, whose value and sign are completely unknown; d(t) is the disturbance; u(t) is the zero point of proportional valve.
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Define the state variables as x 1 (t) = y(t), x 2 (t) =ẏ(t) and x 3 (t) =ÿ(t), which represent the displacement, the velocity and the acceleration of the payload, respectively. The third-order linear model can then be written as:
The Nussbaum-type function is introduced as follows. If function has the following properties [25] :
then it is called Nussbaum-type function. There are many functions satisfying the above condition, such as ξ 2 cos(ξ ), e ξ 2 cos(ξ ) and ln(ξ + 1) cos( √ ξ + 1).
III. ADAPTIVE TRACKING CONTROLLER DESIGN BASED ON BACKSTEPPING METHOD AND NUSSBAUM GAIN
For tracking control of pneumatic servo system (4), the control goal is to make the output y(t) track the reference signal
Before designing a controller, we give the following assumption.
Assumption 1: the up to third order derivative of the reference signal y d is piecewise continuous and bounded.
A. THE BACKSTEPPING DESIGN WITH NUSSBAUM GAIN
The third-order linear model of pneumatic servo system can be rewrite as:
where d 1 = d + b u is the uncertainty including the friction and the inaccurate zero point of the proportional valve.
Define the error variables as:
where α 1 and α 2 are the virtual control variables of x 2 and x 3 , respectively [26] , [27] . The derivatives of the above variables are:
We design a backstepping controller using the steps as follows:
Step 1: Define the first Lyapunov function candidate as:
whose derivative is:
Select α 1 as:
where c 1 is a positive constant. Then the time derivative of v 1 is:v
If z 2 (t) = 0, thenv 1 (t) = −c 1 z 1 2 (t) and z 1 (t) are guaranteed to converge to zero asymptotically.
Step 2: Choose the second Lyapunov function candidate as:
Select α 2 as:
where c 2 is a positive constant. Then the time derivative of v 2 (t) becomes:
If z 3 (t) = 0, then we havev 2 (t) = −c 1 z 1 2 (t) − c 2 z 2 2 (t), and thus both z 1 (t) and z 2 (t) are guaranteed to converge to zero asymptotically.
Step 3: Set θ = [1 a 1 a 2 a 3 ] T ,θ is the estimation of θ. Choose the third Lyapunov function candidate as:
where,θ =θ − θ is parameter estimation error vector. is a positive defined matrix.
Then the derivative of v 3 (t) is given as:
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The control law and adaptive law are given as follows:
where c 3 is a positive constant. N (ξ ) is a Nussbaum-type function, in this paper, an even Nussbaum function, ξ 2 cos(ξ ), is used. In the controller, x 1 = y is measured using the position potentiometer, x 2 and x 3 are calculated from x 1 using Eular method.
B. STABILITY ANALYSIS OF THE CONTROL SYSTEM
A theorem about the stability of control system (4) and (19)- (23) is given as follows: Theorem 1: System (4) is stable and all signals in the closed-loop system are bounded, by using control law (19) , (20) and parameter adaptive laws (21), (22), (23) (24) where b is a non-zero constant, c 0 is a appropriate constant, then v(t), ξ (t) and t 0 (bN (ξ ) + 1)ξ dτ must be bounded on [0, t f ).
Proof of Theorem 1:
Substituting from (19) to (23) into (18), we obtain:
On the right side of (25), we firstly add, then subtractξ , then by taking (22) into account, we obtain:
Integrate both sides of (26), we have: 
Based on Lemma 1, we conclude that v 3 (t), ξ (t) and Because v(t) and ξ (t) are bound for all t ≥ 0, the derivative of z i 2 (t)(i = 1, 2, 3) is also bounded. Because the terms in (27) are all continuous, using the Barbalat's lemma [28] , we know that the tracking error z i (t) tends to zero when t → ∞, that is lim
End of proof.

IV. EXPERIMENTAL RESULTS
A. EXPERIMENTAL PLATFORM
The pneumatic servo system produced by Festo company. The experiment setup is shown in Fig. 2 . The system includes a double-acting rodless pneumatic cylinder, a electric power to supply the power to electric element, a five-way proportional valve, a potentiometer, an air tank, a data acquisition interface to connect the signal wire to computer system and a manual pressure regulator. In the cylinder, the slide mass is 2.7 Kg, the piston diameter is 25 mm, the effective force is 200 N at 6 bar air pressure supply. The nominal operating pressure of the valve is 6 bar, the maximum flow rate of the valve at the nominal pressure is 700 L/min. The resolution of the potentiometer is less than 0.01 mm, the linear error of the potentiometer is less than 0.07% of full scale, the effective electrical working distance is 457 mm. The valve control voltage is 0-10 V. The output of the potentiometer is also 0-10 V. The bit length of A/D and D/A converter is 12. The capacity of the air tank is 400 mL.
As shown in Fig. 3 , two outlets of the proportional valve should be connected to Chamber A and Chamber B of the cylinder, respectively. We define the positive connection direction as shown in Fig. 3 (a) , and the negative connection direction as shown in Fig. 3 (b) . The match between two valve outlets and two chambers determines the control gain direction. If the connection match between the valve outlets and the chambers changes, it would cause the reverse of the control gain direction, and consequently lead to the controlled system failure, even the disaster in some practical applications. In this paper, an adaptive control is proposed to avoid the failure caused by the reversed control gain direction.
Considering the characteristic of the proportional valve, the controller output of all methods is limited to [−U max , U max ], where U max = 1.96V. The payload position y = x 1 is measured by the analog displacement sensor directly. The sampling period of the controller is t = 10ms. Before the experiment, the slider is forced to move to the middle point of the cylinder, and the position should be used as the reference signal zero point.
The reference signals are defined as follows: 1) Reference signal 1:
where A 1 = 167.5 mm, ω 1 = 0.5π rad/s. This is a sinusoidal reference signal.
2) Reference signal 2:
where A 2 = 55.825 mm/s 2 , ω 2 = 0.5π rad/s. This is a S-curve reference signal.
3) Reference signal 3:
where A 3 = 167.475 mm, ω 3 = 0.5π rad/s. This is a multifrequency sinusoidal reference signal.
B. EXPERIMENT RESULTS OF THE PROPOSED METHOD
The pneumatic system is controlled by the proposed method to track the three types of reference signals. Before each test, the piston is forced to middle point of the cylinder by close loop control. Therefore, the initial conditions are set to x 2 (0) = 0, 
C. COMPARISON TO SOME EXISTING METHODS
To show the superiority of the proposed method, the comparison to other five methods is given in this section. Methods in [10] , [11] , and [16] - [18] also is conducted to track the three types of reference signals, respectively. The details introduction and parameter values for the comparison methods are described in appendix.
The parameters (including the parameters of the proposed method and the comparing methods) are all carefully tuned with many times trial and error procedure to get nice performance for the nominal experiment condition (without initial position change and payload variation).
In order to compare the steady state tracking error of these five methods quantitatively, we defined two indices, one is a root mean square error (RMSE) [29] - [32] defined as:
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where N = N 2 − N 1 + 1, N 1 is the start time of the steady state considered, N 2 is the end time of the steady state considered, e k = y d (k t) − y(k t) is the tracking error at kth sampling time. In this paper, N 1 = 200, and N 2 = 1500. In order to avoid the influence of random factors such as noise, every experiment is done at least 30 times to get average RMSE, maximum RMSE, average AAE, and maximum AAE. The quantitative comparison results are given in Tables 1 to 3 . To further check the effect of the extra payload and the piston initial position on the performance of the tracking, the payload mass is set equal to the slide mass plus an extra 2.5Kg payload, and the initial position of the piston is changed from 225mm to 170mm. The tracking performance comparison of the comparison methods for positive control direction and the proposed method for both positive and negative control directions are given in Tables 4 to 9 .
From the quantitative comparison given in all tables, we conclude that the average RMSE, the max RMSE, the average AAE, and the maximum AAE of the proposed method are less than those of the comparison methods in [10] , [11] , and [16] - [18] and the method without considering the inaccurate zero point of the valve under the same load and initial position condition. The controller designed in this paper has better tracking performance than the other methods for both the positive control direction and the negative control direction.
V. CONCLUSION
The proposed method considers unknown model parameters, unknown control direction and inaccurate valve zero point at the same time. This method does not require expensive pressure sensor, which simplifies the system structure and reduces the cost. By using Lyapunov method and linearized model, the stability of the proposed controller is proved. The proposed method is robust to the payload and initial position variations. The proposed method is effective even though the control direction is unknown or changed. The proposed method is superior to the corresponding method without considering the zero point of the valve. Compared with some existing methods, the experimental results verify the superiority of the proposed method.
APPENDIX
The details introduction for the comparison methods are given as following:
In [10] , two model-based sliding-mode position tracking control algorithms for pneumatic cylinder actuators were proposed. The sliding-mode controller based on linearized model is given as:
where
, n 2 = 29.5, n 1 = 218.43, n 0 = 5531.3, λ = 50, k s1 = 976, φ = 0.05. In [11] , the sliding mode control based on second order sliding surface was proposed. The controller is given as:
where s =ë + 2ξ ωė + ω 2 e,k s2 = 1.96, ω = 50, ξ = 1. In [16] , an adaptive backstepping controller was designed without the knowledge of the accurate model of the pneumatic system, which simplifies the design procedure. The controller in [16] is given as:
Reference [17] also employed adaptive backstepping method, the controller in [17] is given as:
where z 1 , z 2 , z 3 are error variables, which are defined as:
And the adaptive law of the unknown parameters is:
In [18] , an adaptive backstepping sliding mode control was proposed given by:
Define the sliding surface as:
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Select virtual control as:
The adaptive law of the unknown parameters is:
All above controllers are consistent to the expression in the references, although the variables might be different for different controllers. It would not affect audience for understanding the fact. 
